Abstract -Macrocyclic ligands form highly selective and kinetically labile complexes with a wide range of cations, including alkali metal and alkaline earth cations. Formation rate constants are high and remarkably insensitive to ligand structure, but decrease systematically with increasing charge density of the cation -this behaviour is qualitatively similar to that expected for the dissociative interchange mechanism (Id) common to many complexation reactions of simple monodentate ligands. The dissociation rate constants reflect directly the changes in complex stabilities within a related series of cations and over a wide range of ligand structures and solvents. A good illustration of these properties is provided by kinetic studies of the macrocyclic and macrobicyclic effects, which show that the major differences in complexation specificities and thermodynamic stabilies between complexes of open-chain and cyclic ligands are reflected almost entirely in the respective dissociation reactions. The results are considered in terms of a formal, fully-stepwise complexation model in which each of the solvent molecules in contact with the cation is replaced successively by a donor atom of the ligand.
INTRODUCTION
Metal complex formation reactions (ligand substitution reactions) with simple ligands generally occur very rapidly in aqueous solution. With the aid of fast reaction techniques, it has proved possible in some cases to resolve the overall complexation process, eq 1, into elementary complexation steps.
These may include sequential substitution of one or more solvent molecules from the inner coordination sphere of the metal ion, conformational changes in the ligand, or protolytic equilibria of the ligand.
The kinetics of simple ligand substitution reactions have been successfully interpreted in terms of a two-step mechanism, eq 2 (ref 1,2), in which S represents a solvent molecule. The first step is the formation of an outer-KO, k2 MSmnt t L (MSmL)"' MLSm-1"' + S k-2 sphere complex, and the second is a rate determining reaction to form a complex in which the cation and ligand are in direct contact. In many cases the rates are only slightly dependent upon the nature of the ligand and are similar to those of solvent exchange a t the cation. dissociative or sN1 process which, in the absence of definite evidence for the existence of a discrete intermediate, may be described as a dissociative This is consistent with an essentially interchange mechanism (Id).
by eq 3, where KO, is the outer-sphere association constant and k, is the rate The results for substitution reactions of simple ligands provide a useful framework for the discussion of complexation reactions of macrocyclic ligands but there are a number of special features of these systems which need some consideration:
for alkali and (i) The striking selectivity of many of the reactions.
(ii) The high stabilities for complexes of cations such as alkali (iii) The loss during complexation of most or all of the solvent (iv) metals which are not renowned for their coordination chemistry. molecules coordinated to the metal ion. A combination of high specificity and rapid turnover observed for many biologically active macrocyclic ligands. In this lecture we present a brief overview of the kinetic methods used to study the reactions and of characteristic kinetic properties of the complexes, particularly with regard to their relationship to the unusually high complex stabilities and selectivities (macrocyclic and macrobicyclic effects). The results are then discussed in terms of a simple, fully-stepwise complexation model in which each of the solvent molecules in contact with the cation is replaced successively by a donor atom of the ligand. Structures of some common ligands are included in Fig 1. 
RESULTS
The wide range of complexation and decomplexation rates occurring across the range of macrocycles and cations has prompted the use of a large number of different kinetic techniques. The conditions under which the reactions have been studied fall into two distinct categories: those pertaining to the direct monitoring of the approach to equilibrium, following rapid mixing of reagents or the perturbation of an existing eqfilibrium, and those relevant to competitive methods, in which a reagent is added which will interact competitively with one of the components of the complexation equilibrium via rapid pre-equilibria of irreversible reactions. Direct measurement of complexation rates as described above are frequently limited either by rate constants for complex formation which are too large (stopped-flow) or by the requirement that the position of equilibrium of the system under investigation should not lie too much to either side (relaxation methods). This leads to practical difficulties in detecting the participant species when the stability constants are greater than about lo5 M-1. Thus, the most convenient experimental methods for determining complexation kinetics are often competitive methods, in which reagents (scavengers) are added to compete for the ligand or cation and hence to generate reaction in the thermodvnamicallv unfavourable direction for the complexation reaction of interest. to remove basic (% nitrogen-containing) ligands by protonation; under favourable conditions, dissociation of the complex to form the free ligand is rate-determining (ref 26,27). As the dissociation reactions of macrocyclic complexes are often relatively slow, reactions may be monitored using conventional or stopped-flow techniques.
The various kinetic methods have been used to determine the overall rate constants for complex formation, kf, and dissociation, kd (eq 1). In some cases resolution of intermediate steps and ligand conformational changes occurring prior to or during complexation has also been possible (ref 15,17, 1 8 ) to z = t2 reduces kf by a factor of 103-1O4 and from z = t1 to z = t3 by a factor of 106-107. The influence of cationic size within a given charge type is less marked and shows up much more specifically in the dissociation rate constants. The kf values normally show a simple, monotonic increase with cation size, whereas kd values are much more sensitive to the degree of matching between the cation and ligand cavity size. Representative kf values for group I and group I1 cations are given in Table 3 . 
Selective complexation -t h e rnacrocyclic/rnacrobicyclic effect
There is very little unusual discrimination in the kf values within a group of cations of the same charge type; the selectivity associated with macrocyclic ligands comes primarily from variations in kd values. exists for open-chain analogues of crown ethers, but kf values for Nat and Kt are typically around 1-5x108 M -1 s-1 (cf Table 1 ).
stability of macrocyclic ligands compared to open-chain analogues (macrocyclic effect) shows up primarily in the rate constants for complex dissociation.
A similar conclusion may be reached for the macrobicyclic (cryptand) effect, for which there is a more comprehensive set of data. Table 4 shows a comparison of results for complexation of alkaline earth cations with the closely related macrocyclic diaza-crown (2,2) and the bicyclic cryptand (2,2,2) ligands.
A limited amount only of kinetic data
Thus the increased thermodynamic Table 4 The macrobicyclic effect: (2,2) (2,2,2) complexes of alkaline earth cations in methanol at 25% (ref 37). The most notable feature is the close agreement between the formation rate constants for the (2,2) and (2,2,2) complexes, despite the considerable increase in stability of the bicyclic (2,2,2) ligands (macrobicyclic effect). The major differences between the two ligands then are to be seen in the dissociation reactions, with values for (2,2,2) being some 5-7 orders of magnitude lower than those for (2,2).
COMPLEXATION M E C H A N I S M
The somewhat unexpected combination of rapid formation rates and high cation solvation energies, which is characteristic of the majority of macrocyclic complexation reactions, can only be accomodated within an essentially stepwise reaction scheme. The kinetic properties discussed above, particularly the lack of ligand specificity in the formation reaction, point to a transition state in which there is no specific 'recognition' between the cation and ligand, ie, the cation must be largely outside the ligand cavity, interacting only through donor atoms rotated outwards from the ligand cavity. Subsequent processes, including substitution of the remaining solvent molecules associated with the cation and any required conformational changes, to give the final stable complex must then occur relatively rapidly.
In this section we introduce a simple model, based on earlier work by Winkler on biofunctional ionophores (ref 38), in which the overall complexation reaction, eq 1, is treated as occurring in a fully-stepwise manner in which each of the solvent molecules associated with the cation is replaced successively by a donor atom of the ligand, eq 4 . rate constant, kf, by eq 7; kd may be obtained from Ks/kf. It is thus a simple matter to calculate the equilibrium and rate constants for the successive steps in eq 4 from given values of kf and Ks (a, using a typical value of m = 6).
The simplified model should apply most closely in the limiting case of a very flexible ligand, but it is of interest to apply it to the present results for crown and aza-crown ethers ('2-dimensional' ligands) and cryptands ('3-dimensional' ligands) as illustrated in Fig 2. The crown ethers, which have high conformational flexibility, form complexes in which there is normally some residual interaction between the cation and solvent, represented by MtX5. Cryptate formation, however, requires an additional step (kin, k-in) in which the cation enters the ligand cavity, shedding any remaining solvent molecules from the inner coordination sphere of the cation. This final step results in an increase in K, by a factor of 104-107 for alkali and alkaline earth complexes (the cryptate or macrobicyclic effect). A summary of the results obtained is given in Table 5 . The results in Table 5 , which are also illustrated schematically in Fig 3 , highlight many of the main features of macrocyclic complex formation for main-group cations, and may be summarised as follows: 1.
2.

.
4.
The absolute magnitude of ki for Nat complexation (ki = 8x108 s -1 ) is very close to the rate constant for solvent exchange at Nat. The formation rate constants of formation by the crown ethers, cryptands, and monactin (Table 2 ) must be approaching the maximum possible value for macrocyclic complexation of Nat.
For Cazt, ki values (2x105 s-l) are some three orders of magnitude lower than that of solvent exchange. The relatively lower ki values for higher-charge-density cations indicate l e s s efficient compensation for solvation loss (greater disruption of solvation) during complexation. This may be because significant ion-solvent interactions persist beyond the first solvation shell for the 2t and 3t cations.
3x108 M-Is-l for complex
The model is in good agreement with widespread kinetic evidence that the transition state for complex formation lies close to the reactants with the cation retaining most of its solvent shell.
Complexation systems whose behaviour approximates to that of the model will be experimentally very difficult to resolve into individual steps. Such a resolution will be most likely when, for example, a difficult conformational change leads to an additional high energy barrier between reactants and products. Table 6 gives the stability constants f o r the silver complexes of the diazapolyether ligands ( 2 ) (HNCHZCHZ(OCH~CH~)~NH), ( 2 , 2 ) , and (2,2,2) in acetonitrile (ref 4 0 ) . Table 6 Stability constants (log K,) for complexes of Agt with the diazapolyether ligands ( Z ) , (2,2), and ( 2 , 2 , 2 ) in acetonitrile at 25% (ref 40) .
There is a steady increase in K, in the series from the open-chain ( 2 ) to the bicyclic ( 2 , 2 , 2 ) , but the effect is very small compared with similar comparisons for complexes of the alkali metal or alkaline earth cations, for which the ligand structure plays a dominant role. The dependence of stability constant upon ligand structure for the silver complexes, although small, is real: within the cryptand ligands K, is a maximum for the intermediate sized (2,2,1) independent of solvent, e~, in acetonitrile log Ks(Z,l,l) = 7 . 8 , log Ks(2,2,1) = 11.2, log Ks = 8.9. Nevertheless, it is clear that the dominant interaction in these complexes is between Agt and nitrogen, given the similarity in the stability constants of ( 2 , 2 ) and (2,2,2) despite the latter ligand having four more oxygen atoms and a more to favourable bicyclic structure.
In view of this we have adopted the kinetic model illustrated in Fig 4 for the silver-diazapolyether system in which the key steps are the successive formation of the two Ag +... N bonds, again preceded by the formation of an outer-sphere complex (not shown). 2,2,2 ).
An analysis of the rates and equilibria of the complexation reactions of (2,2) and (2,2,2) based on eq 4-6 with m = 2 and 3 respectively, leads to the results in Table 7 . (Ks/Ko)l/2) of 1.1~104. alkaline earth complexes, the equilibrium constant for the exclusive+ inclusive complexation (Kin = 17) is very small. A similar conclusion is reached from results covering the complete range of water-acetonitrile mixtures, although in water Kin is slightly larger, Kin = 80. This corresponds to an equilibrium constant for each Ag +... N bond (K1 -In contrast to the corresponding alkali metal and Table 7 according to a stepwise complexation model (Fig 4) .
Complex
kflM-1s-l kd/s-l k1ls-l k-l/s-1 K1 Kin
Analysis of Agt-(2,2) and -(2,2,2) complex formation in acetonitrile 35 6.7~109 6.2~105 1. iX104 Ag(2,2) 2.0~109 Ag,(2,2,2)+ 5. 4x108 0.55 6.7~109 6. 2x105 1.1~104 17
